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Abstract
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Background: Prenatal Alcohol Exposure (PAE) impacts 2% to 5% of infants born in the United
States yearly. Women who consume alcohol during pregnancy have a five-fold increased rate of
Chorioamnionitis (CHORIO). Both PAE and CHORIO cause microstructural injury to multiple
brain regions including major white matter tracts.
Objective: Utilizing two previously established animal models, we hypothesized that the
combination of PAE+CHORIO would result in greater deficits in myelination and structural
integrity than PAE alone.
Material and Methods: Pregnant Long-Evans rats voluntarily drank 5% ethanol or saccharin
until Gestational Day 19 (GD). On GD19, CHORIO was induced in one group of PAE dams by a
30 min uterine artery occlusion and injection of Lipopolysaccharide (LPS) into each amniotic sac.
The remaining PAE dams and saccharin controls underwent sham surgery. Pups were born on
GD22 and weaned on Postnatal Day 24 (PD). On PD28, offspring were sacrificed, and their brains
examined using ex-vivo Diffusion Tensor Imaging (DTI).
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Results: Compared to control, PAE alone did not affect offspring birth weights, mortality or any
DTI measures. In contrast, PAE+CHORIO significantly reduced offspring survival and, in
surviving pups, increased Radial Diffusivity (RD) in medial frontal cortex and decreased
Fractional Anisotropy (FA) in medial and ventral frontal cortex and within capsular regions.

This is an open access article distributed under the Creative Commons Attribution License, which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Conclusion: The combination of moderate PAE+CHORIO results in an increased mortality,
concomitant with diffuse microstructural brain injury noted in young adolescent offspring at
PD28. Future studies should examine the extent to which PAE exacerbates the damage caused by
CHORIO alone and whether these deficits persist into adulthood.
Keywords
Chorioamnionitis; Prenatal alcohol exposure; Frontal cortex; Diffusion tensor imaging
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Alcohol exposure in utero is associated with numerous life-long consequences including
intellectual disability, impaired executive functioning, and poor motor control, including gait
deficits [1]. Prenatal Alcohol Exposure (PAE) is a worldwide public health crisis with
prevalence estimates exceeding 1% in 76 countries, but varying between countries [2,3].
South Africa has the highest prevalence of Fetal Alcohol Spectrum Disorder (FASD) at
111.1 per 1000, and at least 2% to 5% of infants in the United States are impacted by PAE
[3,4]. Although the Centers for Disease Control and Prevention has recommended that
women abstain from alcohol if they are pregnant or of child bearing age, as many as 1 in
10% women in the United States reported drinking alcohol on a monthly basis and 1 in 33%
reported binge drinking in the last 30 days [5,6]. The consequences of alcohol use during
pregnancy are widespread, and impact the fetus in multiple ways due to alcohol readily
crossing the placenta and distributing into the fetal compartment [7]. Infants who develop
Central Nervous System (CNS) problems, growth problems and specific abnormalities in
facial features following in utero alcohol exposure are diagnosed with Fetal Alcohol
Syndrome (FAS), which encompasses those most severely affected. However, many children
with PAE do not develop the dysmorphic features included in the diagnosis of FAS.
Therefore, the term Fetal Alcohol Spectrum Disorders (FASD) is more inclusive, and
captures the whole range of physical, emotional and neurological effects present in children
exposed to alcohol prenatally [8]. Across the spectrum of FASD, many children have
impairments in cognition, self-regulation, and adaptive functioning [9]. The
neurodevelopment of affected children with PAE evolves over time and involves
abnormalities in global intellectual ability, difficulties with problem-solving and planning,
poor inhibitory ability, poor adaptive skills, deficits in the ability to hold and manipulate
information in working memory and impairment of both fine and gross motor skills [10,11].
These children suffer from specific life-long deficits in intellectual disability and attention
problems that impact day to day function. Notably, although their Intelligence Quotient (IQ)
may fall within normal limits, an individual with PAE can struggle with previously learned
skills and have difficulties with nonverbal aspects of cognition [9]. Additionally, deficits in
learning and memory for recently learned skills and areas of executive functioning are
impacted in children with PAE, with higher rates of social behavioral problems and
difficulty dealing with overstimulation when compared to individuals with attention deficit
hyperactivity disorder [9]. The frontal cerebral cortex, one of the most complex brain
regions with extensive interconnections, is keys to executive function and behavior including
attention, planning and decision making; making this brain region critical for more detailed
investigation in PAE offspring [12]. Given the global impacts PAE has on
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neurodevelopment, is apparent that the central nervous system is exquisitely sensitive to the
effects of alcohol exposure during development and remains vulnerable throughout
pregnancy [1,8,10,13]. Infants exposed to alcohol prenatally are also at a higher risk of poor
neurological outcomes due to placental perfusion defects and inflammation, as observed in
an infection of the placenta known as Chorioamnionitis (CHORIO) [14]. CHORIO, which is
inflammation of the chorion, amnion and placenta, is one of the most common occurrences
prior to spontaneous preterm birth [15]. Placental inflammation and infection are associated
with an increased risk of spontaneous preterm delivery, thus increasing the risk of preterm
delivery in women who drank alcohol during pregnancy [16]. Unfortunately, women who
abuse alcohol during pregnancy have an increased risk of infections, including a 5 to 7 fold
increase in rates of CHORIO [17]. Given the diffuse brain injuries that can occur separately
with PAE or CHORIO [REFS], and the number of infants exposed to both alcohol and
CHORIO during pregnancy, we hypothesized that CHORIO would exacerbate the damage
induced by PAE, resulting in a unique pattern of changes on Magnetic Resonance Imaging
(MRI), particularly in major white matter tracts, including the corpus callosum.

Material and Methods
All experimental procedures were approved by the Institutional Animal Care and Use
Committee of the University of New Mexico.
Voluntary drinking paradigm
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As previously described, pregnant Long-Evans rats (Harlan Industries, Indianapolis, IN)
were single housed in plastic cages and maintained on a reverse 12 h dark, 12 h light
schedule (lights off between 0900 and 2,100 h). Rat chow and tap water were available ad
libitum [18,19]. The 20 dams used in this study were randomly assigned to one of three
groups: 1. Saccharin + Sham Surgery (Control), 2. PAE + Sham Surgery (PAE) and 3. PAE
+ CHORIO Surgery (PAE+CHORIO). Prior to mating, all female rats were gradually
acclimated to voluntary drinking of 5% ethanol in 0.066% saccharin for 4 h each day (1,000
h to 1,400 h). Following 2 weeks of 5% ethanol consumption, females drinking within 1
standard deviation of the group mean were paired with a proven male breeder until
pregnancy was confirmed via the presence of a vaginal plug. Dams did not consume ethanol
during breeding. Pregnant rat dams were then returned to single housing and voluntarily
consumed either 5% ethanol or 0% ethanol for 4 h daily until Gestational Day 18 (GD). The
total volume consumed by the 0% ethanol group was matched to the mean volume
consumed by the 5% ethanol group dams. Previously, we reported that mean peak maternal
serum ethanol concentration was 60.8 mg/dL and that this pattern of voluntary ethanol
consumption does not affect maternal weight gain during pregnancy, placental wet weight at
term, pup birth weight, pup mortality or offspring growth curves [18].
Chorioamnionitis (CHORIO)
We have previously shown in a preclinical model that Transient Systemic Hypoxia Ischemia
(TSHI) resulting in placental insufficiency and intra-amniotic Lipopolysaccharide (LPS)
injections result in placental changes consistent with CHORIO, as well as a fetal
inflammatory response syndrome [20–23]. Therefore, to induce CHORIO, a laparotomy was
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performed as previously described [20,22,24] with slight modifications for Long-Evans rats.
On GD19, dams assigned to the PAE+CHORIO group were anesthetized with isoflurane and
an open laparotomy performed. Uterine arteries were isolated and occluded with aneurysm
clips for 30 min, after which the clips were removed and 4 μg of Lipopolysaccharide (LPS
0111:B4, Sigma, St. Louis, MO) was injected into each amniotic sac [20,22,23]. The
laparotomy was closed in layers with sutures and the dams recovered. Rat dams in the
Control and PAE only groups were exposed to isoflurane anesthesia with a laparotomy and
identical anesthesia time without occlusion of the uterine arteries or LPS injection. Pups
were matured with their dams until weaning on PD24 and then group housed with litter
mates based on sex until PD28.
Diffusion tensor imaging (DTI)
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Ex vivo DTI was performed consistent with our prior reports [25,26]. Specifically, at
Postnatal Day 28 (PD), rats received pentobarbital injections (50 to 100 mg/kg), and once
unresponsive, were perfused with Phosphate Buffered Solution (PBS) followed by 4%
Paraformaldehyde (PFA). The brains were removed and post-fixed in 4% PFA for 1 week.
Brains were embedded in 2% agarose containing 3 mm sodium azide for ex vivo DTI.
Scanning was completed on a Bruker 4.7-Tesla Bio Spec 47/40 ultra-shielded refrigerated
nuclear magnetic resonance imaging system (Billerica, MA) equipped with a quadrature RF
coil (72 mm i.d.) and a small-bore (12 cm i.d.) gradient set with a maximum gradient
strength of 50 Gauss/cm. T2 and echo planar Diffusion Tensor Images (DTI) obtained in 8 to
10 continuous coronal 1 mm slices with a 2.00 cm field of view. T2 images had a 3000 ms
TR and a 12 ms TE. DTI sequences were a 3000 ms TR, 40 ms TE and a 2000 mm2/s bvalue with 30 Diffusion gradient directions. Bruker’s Paravision 5.1 imaging software was
used to analyze all images by two observers blinded to prenatal exposure and surgical status.
Regions of Interest (ROI) included corpus callosum, capsular white matter and the frontal
cortex divided into medial and ventral regions. Directional Diffusion-weighted images and
Fractional Anisotropy (FA) maps were generated. Fractional anisotropy, mean diffusivity
(MD, [λ1+λ2+λ3]/3), axial diffusivity (AD, λ1) and radial diffusivity (RD, [λ2+λ3]/2)
were analyzed and calculated. Each brain had 4 to 6 slices in which the corpus callosum and
capsular white matter could be analyzed, with the values averaged per brain.
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Statistical analysis
The difference in ethanol consumption between the PAE and PAE+CHORIO groups was
analyzed using a student’s two-tailed t-test. Differences in all other measures were assessed
using a oneway ANOVA with Tukey’s correction between the groups. Data are presented as
mean ± SEM with p<0.05 considered significant.
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Results
Moderate prenatal alcohol exposure (PAE) and Chorioamnionitis (CHORIO) paradigm data
The impact of the moderate PAE paradigm alone as well as coupled with the CHORIO
paradigm compared to the control group. There was no significant difference in the mean
daily 4 h consumption of ethanol between the PAE and the PAE+CHORIO group dams. In a
previous study, this level of ethanol consumption was shown to produce a mean peak
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maternal serum ethanol concentration of 60.8+5.8 mg/dL at 45 min after the introduction of
the drinking tubes during the third week of gestation [19]. Maternal weight gain to
Gestational Day 18 (GD) in the PAE alone and the PAE+CHORIO groups was not different
compared to the control group. PAE alone did not affect litter size compared to the control
group, and previously we have not observed any difference in pup birth weight following
moderate PAE [19]. Further, there was no difference in mortality between the control and
PAE groups. In contrast, the combination of PAE+CHORIO resulted in significantly reduced
postnatal survival compared to the saccharin control or PAE alone groups. Specifically, the
PAE+CHORIO combination resulted in 95% fetal mortality and death of live born offspring
by Postnatal Day 2 (PD), with 92% of mortality occurring in utero.
Ex vivo diffusion tensor imaging (DTI) analysis
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Figure 1 illustrates representative DTI color map images from each experimental group
along with a summary of the radial diffusivity data collected on PD28 in two brain regions
of interest, namely, the medial frontal cortex and the ventral frontal cortex. The directionally
encoded color maps show water molecule Diffusion in X, Y and Z axes, where red indicates
flow along the horizontal plane, green indicates flow along the vertical plane, and blue
indicates flow along the orthogonal plane. The control image in Figure 1A denotes the areas
where measurements were made in the medial frontal (white outlines) and ventral frontal
(yellow outlines) cortices. Figure 1A illustrates directional Diffusion differences between the
control, PAE and PAE+CHORIO brains, including attenuated Diffusion in the PAE
+CHORIO frontal cortices compared to PAE and control, consistent with decreased
microstructural organization of the tissue. Axial Diffusivity (AD), and mean diffusivity
(MD) in the medial and ventral frontal cortices were not different among the three
experimental groups (data not shown). However, there was a significant increase in the
Radial Diffusion (RD) within the medial frontal cortex of the PAE+CHORIO compared to
controls and PAE alone, as shown in Figure 1B. The ventral region of the frontal cortex had
a trending increase in the RD values following PAE+CHORIO compared to controls and
PAE alone, however this did not reach statistical significance (Figure 1C).
Fractional anisotropy (FA) analysis
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Figure 2A displays representative color coded maps of Fractional Anisotropy (FA) in the
three prenatal groups. FA is the degree of anisotropy, in which zero is isotropic movement,
or unrestricted movement in all directions, and a value of one is anisotropic movement, in
which Diffusion occurs along one axis only. The cooler colors represent FA values closer to
0 and warm colors represent FA values color to 1. Figure 2A shows the regions of interest
outlined in the control image, in which the black outline represents the medial frontal cortex
and the gray outline represents the ventral frontal cortex. The pattern of blue and green
coloration in the control images in Figure 2A is consistent when compared to PAE, in which
the blue coloration is less dominant. Compared to the control, there was a downward trend in
FA in both the medial frontal and ventral frontal regions within the PAE group, however, this
reduction was not significant. In contrast, there was a significant decrease in FA in both the
medial frontal (Figure 2B) and ventral frontal cortices (Figure 2C) in the PAE+CHORIO
compared to both the PAE and controls. In addition to FA reductions in gray matter regions
of the frontal cortex, major white matter tracts displayed reduced FA in the brains for PAE
Ann Pediatr Res. Author manuscript; available in PMC 2020 October 15.
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+CHORIO offspring compared to the other two groups. Figure 3A shows color coded FA
maps, where the thick arrow points to the corpus callosum and the thinner bilateral arrows
point to capsular white matter. Again, FA was not different in either the corpus callosum or
capsular regions of PAE brains compared to controls. In contrast, there was a significant
decrease in capsular FA in the PAE+CHORIO group compared to both controls and PAE
offspring (Figure 3B). While trending downward, the FA values in the callosal white matter
in PAE+CHORIO did not reach significance when compared to controls and PAE (Figure
3C).

Discussion
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This is the first report of an animal model combining moderate prenatal alcohol exposure
and chorioamnionitis, which resulted insignificant in utero injury and fetal demise. As
previously published, the CHORIO model alone results in a mortality of 42% on average
[22]. These data show that in the setting of placental insufficiency and infection, PAE results
insignificantly increased late gestation fetal death, which is the clinical surrogate of
spontaneous abortions in humans. Additionally, DTI analyses revealed a significant increase
in radial Diffusion within the medial frontal cortex in PAE+CHORIO compared to controls
or PAE alone. Finally, FA was significantly decreased within the medial and ventral frontal
cortices as well as in the capsular white matter, confirming microstructural changes and
decreased structural coherence of cerebral tissue. While we were not able to include a
CHORIO alone group in the current study, it is noteworthy that our prior work assessing the
impact of CHORIO alone on neurodevelopment and DTI changes, suggests that the
combination of PAE+CHORIO here caused greater mortality than either PAE or CHORIO
alone [27,28]. Consistent with our findings of increased mortality in PAE+CHORIO,
consumption of 5 or more units of alcohol per week has been associated with a five times
increased odds ratio of spontaneous abortions [29]. Similarly, moderate alcohol intake has
been associated with an increased risk of stillbirth and infant mortality at a rate of 4.7 and
4.8 per 1,000 births, respectively [30]. It is possible that this unexpected mortality in the
PAE+CHORIO cohort was associated with significantly altered maternal-placental-fetal
hemodynamics in which the combination of insults exceeded a threshold of intrauterine
inflammation secondary to oxidative stress, DNA damage, lipid peroxidation and trophoblast
apoptosis and necrosis following PAE combined with up-regulation of cytokines and
chemokines following both PAE and CHORIO [31–33]. We have previously shown that
multiple cytokines including IL-1β, TNF-α and IL-6 are increased in rat offspring serum
following CHORIO [20]. Chronic prenatal alcohol exposure has been observed to
significantly increase levels of pro-inflammatory cytokines including intraleukin-6 (IL-6),
IL-1β and tumor necrosis factor alpha (TNF-α) in both the human fetus and mother [34].
Future studies beyond the scope of the present investigation will elucidate the role of severe
peripheral inflammation and postnatal survival, with a focus on pro-inflammatory cytokines
in serum and placenta to further delineate the mechanisms of injury and identify a potential
therapeutic target. Clinical studies have found a decrease in the frontal lobe volume
following PAE, but the microstructural changes within this region have not been previously
well described [35]. While it is understood that the frontal cortex is critical to executive
functioning, the specific abnormalities within this region on MRI have not been
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characterized following PAE+CHORIO. The rodent medial frontal cortex contains networks
that mediate higher-order behavior function and working memory [12]. Thus, in our PAE
+CHORIO model, noting abnormalities in FA and RD on DTI within the medial frontal
cortex reveals unique microstructural changes. Specifically, the significant increase in the
RD within the medial frontal cortex of the PAE+CHORIO compared to controls and PAE
alone most likely represents myelin damage within this region. Additionally, the AD and
MD did not show any statistical differences in the PAE+CHORIO compared to PAE or
controls alone in these frontal cortical regions, suggesting a diffuse difference in anisotropy
as characterized by the decreased FA with no specific abnormalities in axonal health. While
the direct impact on these changes to functional outcome remains to be described, future
studies can investigate the correlation of these MRI findings with PAE induced changes in
executive functioning and whether MRI changes could predict adverse neurobehavioral
consequences in this patient population. Similarly, abnormalities within major white matter
tracts on DTI as observed here, is consistent with the human studies on MRI changes in PAE
[36,37]. While significance within the callosal white matter tract was not reached, the FA
was decreasing in PAE+CHORIO compared to PAE and controls, indicating abnormalities in
tissue coherence and microstructural organization in multiple brain regions. The FA within
the capsular white matter tracts was noted to be significantly decreased, consistent with the
vulnerability that white matter seems to have when exposed to these prenatal insults. Indeed,
MRI shows microstructural brain abnormalities in children with PAE, including decreased
FA in the splenium of the corpus callosum and reduced cortical volume, brain regions
central to executive function [1,36,38–40].

Limitations
Author Manuscript

One limitation of this study was the high rate of mortality observed in the PAE+CHORIO
group, which resulted in a smaller number of offspring available for the studies. The
mortality was unexpected and a clinically significant finding; the occurrence of PAE and
CHORIO may occur in humans more frequently than previously thought, but the
pregnancies may end in a spontaneous abortion before the cause is recognized due to the
incompatibility with life. However, having the increased mortality also limits the preclinical
investigations, thus resulting in smaller sample sizes in this study. Future studies should
investigate potential mechanisms contributing to pregnancy failure after multiple in utero
insults which could lead to a better understanding of the pathophysiology resultant in
microstructural abnormalities on brain DTI and provide insights about the efficacy of
therapeutic interventions in this vulnerable patient population.
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Conclusion
Further studies are ongoing to delineate the cellular and molecular mechanisms related to the
severity of this injury and in utero demise, and brain injury in the surviving fetuses given our
previous reports that inflammatory changes initiated in utero continue after birth [20]. The
interaction of the maternal-placenta-fetal axis and the developing brain require additional
investigations in order to identify the signaling mechanism through which this synergistic
injury and in utero demise occurs. Strikingly, understanding of the detrimental changes that
occur with this preclinical model will allow further investigation into potential therapeutic
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interventions, which could be used to aid the 5% of infants born in the United States
exposed to alcohol prenatally and lessen the burden of the lifelong consequences.

Acknowledgement
The authors would like to acknowledge Dr. Andrea Allan for her contributions with statistical analyses and Dr.
Yirong Yang for his expertise in magnetic resonance imaging. We also thank Dr. Jennifer Wagner, Ms. Nicole
Graham, Mr. Kyle Christensen and Mr. Andre Moezzi for their assistance with the animal husbandry procedures
associated with the moderate prenatal alcohol exposure paradigm.
Financial Support
The authors are grateful for the support contributed by the Departments of Pediatrics and Neurosciences at the
University of New Mexico, as well as the support contributed by the New Mexico Alcohol Research Center
(NIAAA 1 P50 AA022534) at the University of New Mexico.

Author Manuscript

References

Author Manuscript
Author Manuscript

1. Wilhelm CJ, Guizzetti M. Fetal alcohol spectrum disorders: an overview from the glia perspective.
Front Integr Neurosci. 2016;9:65. [PubMed: 26793073]
2. Roozen S, Peters GJ, Kok G, Townend D, Nijhuis J, Curfs L. Worldwide prevalence of fetal alcohol
spectrum disorders: A systematic literature review including meta-analysis. Alcohol Clin Exp Res.
2016;40(1):18–32. [PubMed: 26727519]
3. Lange S, Probst C, Gmel G, Rehm J, Burd L, Popova S. Global prevalence of fetal alcohol spectrum
disorder among children and youth: a systematic review and meta-analysis. JAMA Pediatr.
2017;171(10):948–56. [PubMed: 28828483]
4. May PA, Baete A, Russo J, Elliott AJ, Blankenship J, Kalberg WO, et al. Prevalence and
characteristics of fetal alcohol spectrum disorders. Pediatrics. 2014;134(5):855–66. [PubMed:
25349310]
5. Green PP, McKnight-Eily LR, Tan CH, Mejia R, Denny CH. Vital signs: Alcohol-exposed
pregnancies-United States, 2011–2013. Morb Mortal Wkly Rep. 2016;65(4):91–97.
6. Tan CH, Denny CH, Cheal NE, Sniezek JE, Kanny D. Alcohol use and binge drinking among
women of childbearing age-United States, 2011–2013. Morb Mortal Wkly Rep. 2015;64(37):1042–
6.
7. Gupta KK, Gupta VK, Shirasaka T. An update on fetal alcohol syndrome-pathogenesis, risks, and
treatment. Alcohol Clin Exp Res. 2016;40(8):1594–1602. [PubMed: 27375266]
8. Warren KR, Hewitt BG, Thomas JD. Fetal alcohol spectrum disorders: research challenges and
opportunities. Alcohol Res Health. 2011;34(1):4–14. [PubMed: 23580035]
9. Hagan JF Jr, Balachova T, Bertrand J, Chasnoff I, Dang E, Fernandez-Baca D, et al.
Neurobehavioral disorder associated with prenatal alcohol exposure. Pediatrics. 2016;138(4).
10. Mattson SN, Crocker N, Nguyen TT. Fetal alcohol spectrum disorders: neuropsychological and
behavioral features. Neuropsychol Rev. 2011;21(2):81–101. [PubMed: 21503685]
11. Hoyme HE, Kalberg WO, Elliott AJ, Blankenship J, Buckley D, Marais AS, et al. Updated clinical
guidelines for diagnosing fetal alcohol spectrum disorders. Pediatrics. 2016;138 (2).
12. Abernathy K, Chandler LJ, Woodward JJ. Alcohol and the prefrontal cortex. Int Rev Neurobiol.
2010;91:289–320. [PubMed: 20813246]
13. Wozniak JR, Mueller BA, Muetzel RL, Bell CJ, Hoecker HL, Nelson ML, et al. Inter-hemispheric
functional connectivity disruption in children with prenatal alcohol exposure. Alcohol Clin Exp
Res. 2011;35(5):849–61. [PubMed: 21303384]
14. Pappas A, Kendrick DE, Shankaran S, Stoll BJ, Bell EF, Laptook AR, et al. Chorioamnionitis and
early childhood outcomes among extremely lowgestational-age neonates. JAMA Pediatr.
2014;168(2):137–47. [PubMed: 24378638]
15. Galinsky R, Polglase GR, Hooper SB, Black MJ, Moss TJ. The consequences of chorioamnionitis:
Preterm birth and effects on development. J Pregnancy. 2013;2013:412831. [PubMed: 23533760]

Ann Pediatr Res. Author manuscript; available in PMC 2020 October 15.

Maxwell et al.

Page 9

Author Manuscript
Author Manuscript
Author Manuscript
Author Manuscript

16. Trivedi S, Joachim M, McElrath T, Kliman HJ, Allred EN, Fichorova RN, et al. Fetal-placental
inflammation, but not adrenal activation, is associated with extreme preterm delivery. Am J Obstet
Gynecol. 2012;206(3):236.e1–8. [PubMed: 22264652]
17. de Wit M, Goldberg A, Chelmow D. Alcohol use disorders and hospital-acquired infections in
women undergoing cesarean delivery. Obstet Gynecol. 2013;122(1):72–8. [PubMed: 23743466]
18. Savage DD, Rosenberg MJ, Wolff CR, Akers KG, El-Emawy A, Staples MC, et al. Effects of a
novel cognition-enhancing agent on fetal ethanol-induced learning deficits. Alcohol Clin Exp Res.
2010;34(10):1793–802. [PubMed: 20626729]
19. Davies S, Ballesteros-Merino C, Allen NA, Porch MW, Pruitt ME, Christensen KH, et al. Impact
of moderate prenatal alcohol exposure on histaminergic neurons, histidine decarboxylase levels
and histamine H2 receptors in adult rat offspring. Alcohol. 2019;76:47–57. [PubMed: 30557779]
20. Maxwell JR, Denson JL, Joste NE, Robinson S, Jantzie LL. Combined in utero hypoxia-ischemia
and lipopolysaccharide administration in rats induces chorioamnionitis and a fetal inflammatory
response syndrome. Placenta. 2015;36(12):1378–84. [PubMed: 26601766]
21. Yellowhair TR, Noor S, Mares B, Jose C, Newville JC, Maxwell JR, et al. Chorioamnionitis in
Rats precipitates extended postnatal inflammatory lymphocyte hyperreactivity. Dev Neurosci.
2019;1–11.
22. Jantzie LL, Corbett CJ, Berglass J, Firl DJ, Flores J, Mannix R, et al. Complex pattern of
interaction between in utero hypoxia-ischemia and intra-amniotic inflammation disrupts brain
development and motor function. J Neuroinflammation. 2014;11:131. [PubMed: 25082427]
23. Jantzie LL, Winer JL, Maxwell JR, Chan LA, Robinson S. Modeling encephalopathy of
prematurity using prenatal hypoxia-ischemia with intra-amniotic lipopolysaccharide in rats. J Vis
Exp. 2015;105.
24. Yellowhair TR, Noor S, Maxwell JR, Anstine CV, Oppong AY, Robinson S, et al. Preclinical
chorioamnionitis dysregulates CXCL1/CXCR2 signaling throughout the placental-fetal-brain axis.
Exp Neurol. 2018;301:110–19. [PubMed: 29117499]
25. Robinson S, Berglass JB, Denson JL, Berkner J, Anstine CV, Winer JL, et al. Microstructural and
microglial changes after repetitive mild traumatic brain injury in mice. J Neurosci Res.
2017;95(4):1025–35. [PubMed: 27452502]
26. Robinson S, Winer JL, Berkner J, Chan LA, Denson JL, Maxwell JR, et al. Imaging and serum
biomarkers reflecting the functional efficacy of extended erythropoietin treatment in rats following
infantile traumatic brain injury. J Neurosurg Pediatr. 2016;17(6):739–55. [PubMed: 26894518]
27. Robinson S, Corbett CJ, Winer JL, Chan LAS, Maxwell JR, Anstine CV, et al. Neonatal
erythropoietin mitigates impaired gait, social interaction and Diffusion tensor imaging
abnormalities in a rat model of prenatal brain injury. Exp Neurol. 2018;302:1–13. [PubMed:
29288070]
28. Robinson S, Winer JL, Chan LAS, Oppong AY, Yellowhair TR, Maxwell JR, et al. Extended
erythropoietin treatment prevents chronic executive functional and microstructural deficits
following early severe traumatic brain injury in rats. Front Neurol. 2018;9:451. [PubMed:
29971038]
29. Rasch V. Cigarette, alcohol, and caffeine consumption: Risk factors for spontaneous abortion. Acta
Obstet Gynecol Scand. 2003;82(2):182–8. [PubMed: 12648183]
30. Kesmodel U, Wisborg K, Olsen SF, Henriksen TB, Secher NJ. Moderate alcohol intake during
pregnancy and the risk of stillbirth and death in the first year of life. Am J Epidemiol.
2002;155(4):305–12. [PubMed: 11836194]
31. Gundogan F, Elwood G, Mark P, Feijoo A, Longato L, Tong M, et al. Ethanol-induced oxidative
stress and mitochondrial dysfunction in rat placenta: Relevance to pregnancy loss. Alcohol Clin
Exp Res. 2010;34(3):415–23. [PubMed: 20028358]
32. Pascual M, Montesinos J, Montagud-Romero S, Forteza J, Rodriguez-Arias M, Minarro J, et al.
TLR4 response mediates ethanol-induced neurodevelopment alterations in a model of fetal alcohol
spectrum disorders. J Neuroinflammation. 2017;14(1):145. [PubMed: 28738878]
33. Lu HY, Zhang Q, Wang QX, Lu JY. Contribution of histologic chorioamnionitis and fetal
inflammatory response syndrome to increased risk of brain injury in infants with preterm
premature rupture of membranes. Pediatr Neurol. 2016;61:94–8. [PubMed: 27353694]

Ann Pediatr Res. Author manuscript; available in PMC 2020 October 15.

Maxwell et al.

Page 10

Author Manuscript
Author Manuscript

34. Ahluwalia B, Wesley B, Adeyiga O, Smith DM, Da-Silva A, Rajguru S. Alcohol modulates
cytokine secretion and synthesis in human fetus: an in vivo and in vitro study. Alcohol.
2000;21(3):207–13. [PubMed: 11091023]
35. Astley SJ, Aylward EH, Olson HC, Kerns K, Brooks A, Coggins TE, et al. Magnetic resonance
imaging outcomes from a comprehensive magnetic resonance study of children with fetal alcohol
spectrum disorders. Alcohol Clin Exp Res. 2009;33(10):1671–89. [PubMed: 19572986]
36. Wozniak JR, Mueller BA, Chang PN, Muetzel RL, Caros L, Lim KO. Diffusion tensor imaging in
children with fetal alcohol spectrum disorders. Alcohol Clin Exp Res. 2006;30(10):1799–806.
[PubMed: 17010147]
37. Wozniak JR, Muetzel RL, Mueller BA, McGee CL, Freerks MA, Ward EE, et al. Microstructural
corpus callosum anomalies in children with prenatal alcohol exposure: An extension of previous
Diffusion tensor imaging findings. Alcohol Clin Exp Res. 2009;33(10):1825–35. [PubMed:
19645729]
38. Norman AL, Crocker N, Mattson SN, Riley EP. Neuroimaging and fetal alcohol spectrum
disorders. Dev Disabil Res Rev. 2009;15(3):209–217. [PubMed: 19731391]
39. Lebel C, Roussotte F, Sowell ER. Imaging the impact of prenatal alcohol exposure on the structure
of the developing human brain. Neuropsychol Rev. 2011;21(2):102–18. [PubMed: 21369875]
40. Lebel C, Mattson SN, Riley EP, Jones KL, Adnams CM, May PA, et al. A longitudinal study of the
long-term consequences of drinking during pregnancy: Heavy in utero alcohol exposure disrupts
the normal processes of brain development. J Neurosci. 2012;32(44):15243–51. [PubMed:
23115162]

Author Manuscript
Author Manuscript
Ann Pediatr Res. Author manuscript; available in PMC 2020 October 15.

Maxwell et al.

Page 11

Author Manuscript
Author Manuscript

Figure 1:
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Prenatal alcohol exposure and chorioamnionitis results in microstructural injury in the
frontal cortex. Directionally encoded color maps of diffusion of control, Prenatal Alcohol
Exposure (PAE), and PAE plus Chorioamnionitis (CHORIO) brains at postnatal day (P) 28
are shown in A. Differences are noted in the frontal cortex brain regions, consistent with loss
of microstructural integrity. The colored bars show diffusion along specific directions, with
red representing left-right, green representing superior-inferior direction, and the blue
coloration representing anterior-posterior direction. There is a significantly increasing Radial
Diffusivity (RD) in PAE+CHORIO compared to PAE and control in the medial frontal
cortex (B), that is not significant in the ventral frontal cortex (C). The regions of interest are
highlighted in the control in A (white outline is the medial frontal cortex and yellow outline
is the ventral frontal cortex).
*p<0.05, n=3–5/group.
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Figure 2:

Fractional anisotropy in the frontal cortex is impaired following prenatal alcohol exposure
and chorioamnionitis. Injury results in a significantly decreasing Fractional Anisotropy (FA)
at postnatal day (P) 28 in two separate regions of the frontal cortex, the medial and ventral
regions, (B,C) in Prenatal Alcohol Exposure (PAE) plus Chorioamnionitis (CHORIO)
compared to control and PAE alone, as observed in the FA color maps. The colored bar to
the right indicates that cool colors have a FA values closer to 0, while warm colors have a
FA value closer to 1. Figure 2A shows the medial frontal cortex region of interest outlined in
black, with the ventral frontal cortex outlined in gray.
*p<0.05, n=3–5/group.
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Figure 3:
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Microstructural brain injury in major white matter tracts following prenatal alcohol exposure
and chorioamnionitis. Representative anterior and posterior slices of Fractional Anisotropy
(FA) color maps of control, Prenatal Alcohol Exposure (PAE), and PAE plus
Chorioamnionitis (CHORIO) brains at postnatal day (P) 28 are shown in A. The colored bar
to the right indicates that cool colors have a FA values closer to 0, while warm colors have a
FA value closer to 1. There are abnormalities in multiple areas, consistent with loss of
microstructural integrity and coherence in major white matter tracts, specifically in the
capsular white matter (thin arrow) and the corpus callosum (thick arrow). The FA in PAE
+CHORIO was significantly decreased compared to PAE and control within the capsular
white matter (B). Additionally, the corpus callosum had a trending decrease in FA that did
not reach significance (C).
*p<0.05, n=3–5/group.
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